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ABSTRACT

Kingsley, JD, Mayo, X, Tai, YL, and Fennell, C. Arterial stiffness
and autonomic modulation after free-weight resistance exercises
in resistance trained individuals. J Strength Cond Res 30(12):
3373-3380, 2016—We investigated the effects of an acute bout
of free-weight, whole-body resistance exercise consisting of the
squat, bench press, and deadlift on arterial stiffness and cardiac
autonomic modulation in 16 (aged 23 * 3 years; mean * SD)
resistance-trained individuals. Arterial stiffness, autonomic modula-
tion, and baroreflex sensitivity (BRS) were assessed at rest and
after 3 sets of 10 repetitions at 75% 1-repetition maximum on each
exercise with 2 minutes of rest between sets and exercises. Arterial
stiffness was analyzed using carotid-femoral pulse wave velocity (cf-
PWV). Linear heart rate variability (log transformed [In] absolute and
normalized units [nu] of low-frequency [LF] and high-frequency [HF]
power) and nonlinear heart rate complexity (Sample Entropy
[SampEn], Lempel-Ziv Entropy [LZEn]) were measured to deter-
mine autonomic modulation. BRS was measured by the sequence
method. A 2 X 2 repeated measures analysis of variance (ANOVA)
was used to analyze time (rest, recovery) across condition (acute
resistance exercise, control). There were significant increases in cf-
PWV (p = 0.05), heart rate (p = 0.0001), normalized LF (LFnu; p=
0.001), and the LF/HF ratio (p = 0.0001). Interactions were also
noted for In HF (p = 0.006), HFnu (p = 0.0001), SampEn (p =
0.001), LZEn (p = 0.005), and BRS (p = 0.0001) such that they
significantly decreased during recovery from the resistance exercise
compared with rest and the control. There was no effect on In total
power, or In LF. These data suggest that a bout of resistance
exercise using free-weights increases arterial stiffness and reduces
vagal activity and BRS in comparison with a control session. Vagal
tone may not be fully recovered up to 30 minutes after a resistance
exercise bout.
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INTRODUCTION

esistance training offers significant improvements

in muscle and bone mass and is currently recom-

mended by health organizations as a means to

prevent and improve a host of chronic diseases
(13). Although the effects of aerobic exercise on cardio-
vasculature control are well known, the responses to resis-
tance exercise are less clear (18,27,29). An acute bout of
resistance exercise may cause a short-time increase in
central arterial stiffness (7,14,38); however, this is not
a universal finding (17,19,22). In addition, numerous in-
vestigators have demonstrated that an acute bout of resis-
tance exercise elicits a transient reduction of vagal
modulation measured by several parameters of heart rate
variability (HRV) and/or complexity (HRC) (18,20,21,31)
and decreases in baroreflex sensitivity (BRS) (14).

Most protocols that have evaluated the effect of resis-
tance exercise on vascular (8,19) and cardiac (18,20,21,31)
control in healthy individuals were designed using solely,
or mainly, weight machines, with a few exceptions
(4,10,22). Therefore, the effects after an acute bout of
whole-body free-weight resistance exercises on cardiovas-
culature control should be elucidated. This is important
because cardiovascular responses to free-weights may dif-
fer in comparison with weight machines since free-weights
may have a higher muscular activation in main (9), agonist
(25) and/or stabilizing muscles (33). This higher muscle
mass involved may lead to a transient increase in central
arterial stiffness (11) modulated by increased sympathetic
neural activation after exercise (34). In this sense, the high-
er metaboreflex activation due to an increased glycolytic
involvement during the resistance exercise provoked by the
higher muscle mass activation may cause a greater with-
drawal of vagal modulation, and increased sympathetic
activity, after the resistance exercise session (28) resulting
in an increase in arterial stiffness (26,35). This increase in
arterial stiffness then leads to decreased BRS (26). The
difference in metabolic demand would result in different
responses in terms of arterial stiffness, autonomic modula-
tion, and BRS, making comparing weight machines with
free-weights complex. To the best of our knowledge, no
study has evaluated the effect of free-weight whole-body
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resistance exercise on arterial stiffness and BRS in
resistance-trained individuals. Also, only one study has
evaluated autonomic modulation in response to free-
weight whole-body resistance exercise in young,
resistance-trained individuals (4). In that study, nationally
and internationally competitive weightlifters performed
back squat, seated shoulder press, deadlift, and front squat
with intensities between 60% and 95% 1-repetition maxi-
mum (1RM), finding that parasympathetic activity re-
turned to baseline values by 72 hours. Although this
study highlights the effect of free-weight exercises on the
cardiovasculature, it does it in a very specific population
such that it is not necessarily generalizable to those indi-
viduals who use these whole-body free-weight resistance
exercises as part of their training regime. It is clear that
more research is needed to explain the effects of whole-
body free-weight resistance exercise on vascular and car-
diac modulation in resistance-trained individuals.

Therefore, the purpose of the present study was to
examine the alterations in vascular and cardiac modulation
after a period of heavy resistance exercise using whole-body
free-weights in resistance-trained individuals. We hypothe-
sized that there would be significant increases in central
arterial stiffness primarily mediated by reductions in vagal
modulation and BRS after the acute bout of whole-body
free-weight resistance exercise.

METHODS

Experimental Approach to the Problem

Measurements were made in each participant at rest and
after the acute bout of resistance exercise or a quiet control.
For all resting data collection, participants arrived to the
laboratory had abstained from food for 3 hours, caffeine and
alcohol for 12 hours, and strenuous exercise for 24 hours. On
arrival to the laboratory participants rested in the supine
position for 10 minutes before any data collection began.
Carotid-femoral pulse wave velocity (c-PWV) was collected
for minutes 10 to 15, followed by autonomic and baroreflex
measurements. Once these data were collected participants
completed either the acute bout of resistance exercise or the
quiet control. Within 2 minutes of completion of the acute
bout of resistance exercise participants returned to the
supine position for recovery data collection. The quiet
control consisted of participants lying in the supine position
for 30 minutes to match the time spent in the acute
resistance exercise condition. During recovery, carotid-
femoral pulse wave velocity (cf-PWV) was collected after
a 10-minutes rest period and autonomic and baroreflex
measurements were collected from minute 25 to 30.

Subjects

Based on our previous study investigating changes in Sample
Entropy (SampEn) after an acute bout of whole-body
resistance exercise, an effect size of 1.2 was calculated (21).
For a power of 80%, a minimum of 15 participants were
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needed. Sixteen participants (men = 11, women = 5) that
had been participating in resistance training for at least 3 days
a week for a minimum of 2 years volunteered for the study. All
participants were free from cardiovascular, musculoskeletal,
metabolic disease, were nonsmokers, nonhypertensive, and
were classified as nonobese. All participants also reported,
through a questionnaire, that they were not taking any supple-
ments or prescription medications that might alter vascular or
autonomic function. All women underwent testing during the
follicular phase of their menstrual cycle as noted by the start of
their period. All participants signed an informed consent
before the collection of any data having been made aware of
the benefits and risks of the study. This project was approved
by the Kent State University Institutional Review Board and
conformed to the Declaration of Helsinki.

Anthropometrics

Height and weight were measured using a stadiometer and
a balance beam scale, respectively. Height was measured to
the nearest 0.1 cm. Weight was measured to the nearest 0.1
Ib and converted to kg. Body mass index was reported with
kg/m?. Body composition was assessed with the 7-site skin-
fold analysis using published criteria (12). The Brozek equa-
tion was used to determine body density (3).

Maximal Strength

Maximal strength was assessed in the Strength Laboratory
with the 1RM test using published standards (2). In essence,
each participant lifted the maximal amount of weight that
they could through a full range of motion with proper form
and technique for the squat, bench press, and deadlift.
Two minutes of rest was given between attempts and exer-
cises. The squat and bench press were supervised by strength
and conditioning specialists. The deadlift occurred on an
Olympic platform. Seventy-two hours after the initial 1RM,
participants returned to the Strength Laboratory for verifi-
cation of their 1RM. The highest weight lifted over the 2
days was recorded as the maximal strength and was used to
prescribe the workload for the acute exercise session and
data analysis.

Pulse Wave Velocity

All measurements were collected following the guidelines of the
Clinical Application of Arterial Stiffness, Task Force III (36).
Before collection of cf-PWV, blood pressure was assessed with
the SphygomoCor (AtCor Medical, Sydney, Australia) device to
calibrate the pressure wave using an oscillometric cuff. Two
separate blood pressures were taken, and they had to be
within = 5 mm Hg of each other. If the variability was greater
than that, a third measurement was taken. The data were re-
corded as mean arterial pressure (MAP). A high-fidelity tonom-
eter (SPT-301B; Millar Instruments, Houston, TX, USA) was
used to obtain the pressure waveform from the right common
carotid artery and the right femoral artery. The distances from
the site of carotid sampling to the femoral artery and the carotid
artery to the suprasternal notch were measured using a straight
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line through a tape measure. The distance from the carotid
artery to the suprasternal notch was then subtracted from the
carotid—femoral segment length by the SphygmoCor system.
The foot of the pressure wave was identified using an intrinsic
algorithm of the software that detects the initial upstroke
through a tangent line to the initial systolic upstroke point of
the pressure tracing and an intersecting horizontal line through
the minimum point (6). Chiu et al. (1991) demonstrated that
this algorithm is very reproducible. The time delay between
a minimum of 10 simultaneously recorded pressure flow waves
was averaged by the software. CFPWYV was essentially calcu-
lated from the distance between measurement points and mea-
sured time delay between proximal and distal foot waveforms
using the following equation: PWV = Dy in which D is the
distance in meters and Az is the time interval in seconds. In the
present study, values obtained are indicative of aortic stiffness.
The SphygmoCor software only uses those cf-PWV values that
have a standard deviation of =10%. This technique has pre-
viously been shown to be highly reproducible (37). Reliability of
cfFPWV in our laboratory was based on preliminary data using
6 young, healthy individuals at rest, that were 3 hours post-
prandial on 4 separate days. Each measurement was separated
by at least 72 hours. Each measurement was made in duplicate,
and then subsequently averaged for data analysis. The intraclass
correlation coefficient for ct-PWYV in our laboratory was 0.94.

Autonomic Modulation

Continuous 3-lead electrocardiogram (ECG) and beat-by-beat
blood pressure recording signals were collected using a modified
CM5 configuration (PowerLab; AD Instruments, Colorado
Springs, CO, USA) and from the right middle finger using
a ccNexfin (BMEYE, Amsterdam, The Netherlands), respec-
tively. ECG was collected at a rate of 1000 Hz and blood
pressure was obtained with a sampling frequency of 200 Hz.
ECG recordings were used to determine heart rate (HR) at rest
and during recovery. During all autonomic data collection
a metronome was set at 12 breaths per minute.

Both of the signals were imported into WinCPRS (Absolute
Aliens, Turku, Finland) after inspection of noise, ectopics, and
artifacts. Fast Fourier transformation was used to generate
spectral power. HRV was assessed in both the frequency and
time domains. For the frequency domain, total power of HRV
was used as a global index of autonomic modulation. Low-
frequency power (LF; 0.04-0.15 Hz) is composed of both para-
sympathetic and sympathetic components. High-frequency
power (HF; 0.15-0.4 Hz) was used as a measure of parasympa-
thetic modulation. The LF/HF ratio was used as a measure of
sympathovagal balance. The power spectra were calculated in
both absolute (ms?) and normalized units (nu) to evaluate the
power of each component in relation to the total power. Nor-
malized units (LF or HF) are determined by the division of the
total power with the removal of the very low-frequency power
(<0.04 Hz) by the power of a component and then multiplying
by 100. Normalized measures of LF (LFnu) are indicative of

sympathetic modulation, whereas normalized measures of HF
(HFnu) are used as a measure of parasympathetic modulation.

SampEn and Lempel-Ziv entropy (LZEn) were used as
methods for examining the RR interval complexity over
the 5-minute epoch after removal of the linear trend.
SampEn has been defined as the probability of matches or
sequences being similar over a short period of time, which
has a range of 0-2 (32). The more predictive the signal,
the closer the value is to 0; the more chaotic, the closer
to 2 (32).

LZEn was calculated using the same data points that were
used to determine SampEn. This particular measure, which
is based on Kolmogorov estimates, determines the number
of different and repeating patterns, from short to long, and
produces a chain of binary code. When the value is above
the mean, the code “1” is inserted, when below the mean, the
code “0” is inserted. From this binary code, LZEn is obtained
and is similar to SampEn such that a value near 0 is inter-
preted as a fixed signal, whereas higher values are translated
as more chaotic.

We calculated BRS using the sequence method of the RR
interval and systolic blood pressure (30). The sequence method
involves 3 or more consecutive beats that are denoted by in-
creases or decreases of systolic blood pressure and RR interval of
their following beat (Lag 1) changed in the same direction. The
threshold change was set at 5 milliseconds for RR interval
and 1 mm Hg for systolic blood pressure. Only sequences with
correlations =0.80 were accepted. All data were collected fol-
lowing previously reported recommendations (30).

Acute Bout of Resistance Exercise

The acute bout of resistance exercise consisted of 75% 1RM
with 3 sets of 10 repetitions for the squat, bench press, and
deadlift. Two minutes of rest was given between sets and
exercises. Strength and conditioning specialists supervised
each session and provided a spotter if needed. Each bout of
resistance exercise was approximately 30 minutes.

TasLE 1. Physical and functional characteristics
of the participants (N = 16).*

Participants

Age (y) 23 + 3
Height (m) 1.74 = 0.11
Weight (kg) 82.2 = 17.7
Body fat (%) 16.5 £ 7.7
Fat mass (kg) 13.6 = 8.2
Lean mass (kg) 68.5 + 13.1
Squat (kg) 144 + 32
Bench press (kg) 109 + 33
Deadlift (kg) 160 = 40

*Data displayed as means + SD.
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Figure 1. Change in carotid-femoral pulse wave velocity measured at rest and during recovery from a control and
an acute bout of whole-body free-weight resistance exercise in young, resistance-trained individuals (N = 16).
Data are mean = SEM. *p = 0.05, significantly different from rest. fp = 0.05, significantly different from control.

Statistical Analyses

A one-way analysis of variance (ANOVA) was used to
determine differences in all resting variables between the 2 days
of testing. A Kolmogorov-Smimov test revealed that total
power, absolute LF, and absolute HF were not normally distrib-
uted. These variables were subsequently logarithmically trans-
formed (In). A 2 X 2 repeated measures ANOVA was used to
determine the effects of time (rest and recovery) across condition
(acute resistance exercise and control) on cf£PWV, MAP, HR, In
total power, In LF, In HF, LF/HF, HFnu, LFnu, SampEn,
LZEn, and BRS. If the ANOVA noted a significant interaction,
paired #tests were used for post hoc comparisons. Significance
was set aprior at p = 0.05. Values are presented as mean =+
standard deviation (SD) except in figures which are presented
as mean * standard error of the mean (SEM). All statistical
analyses were completed using IBM SPSS version 21 (Amrok,
NY, USA).

3 Control
El Acute Resistance Exercise

REesuLTS

Participant characteristics are
presented in Table 1. There
was a significant interaction
(p=0.05) for cf-PWV such that
it increased by 9.6% after the
acute bout of resistance exer-
cise compared with no change
in the control (Figure 1). There
was no significant change in
MAP in response to the acute
bout of resistance exercise
(Table 2).

There was a significant inter-
action for heart rate (+59%, p <
0.0001; Table 2) such that it was
significantly elevated after the acute bout of resistance exercise
and compared with the control. There were no significant
interactions for In total power (—7.8%, p = 0.09) and In LF
(—1.4%, p = 0.35) after the acute bout of resistance exercise
(Table 2). There was also a significant interaction for In HF
(—26.9%, p = 0.006) such that it decreased after the bout of
resistance exercise but not the control (Table 2). There was
a significant interaction for HFnu such that it significantly
decreased (—59%, p < 0.0001) during recovery from the acute
resistance exercise compared with rest and to the control.
LFnu significantly increased (+92%, p < 0.001) above rest
during recovery from the acute resistance exercise and com-
pared with the control. In addition, there was a significant
interaction for the LF/HF ratio (+624%, p < 0.0001; Table
2) such that it was elevated above the control and rest during
the recovery. There was also a significant interaction (p =
0.001) for SampEn such that it decreased (—35.2%) during

TaBLE 2. Autonomic variables at rest and during recovery from a control session and an acute bout of whole-body
free-weight resistance exercise in young, resistance-trained individuals (N = 16).*}

3376

Control Acute resistance exercise

Rest Recovery Rest Recovery
Mean arterial pressure (mm Hg) 84 £ 5 86 £ 6 85 +5 88 = 6
Heart rate (bpm) 60 = 11 56 = 10 58 = 9 89 = 101§
In total power (ms?) 8.20 = 0.97 8.89 = 1.40 8.19 = 1.08 7.56 + 3.01
In LF (ms?) 6.65 = 0.98 7.80 + 1.80 6.59 = 1.13 6.50 = 3.21
In HF (ms2) 740 £ 1.34 7.91 £ 1.37 713 £ 1.32 5.22 = 3.701§
LF/HF 0.75 = 0.90 0.85 = 0.90 0.75 = 0.61 5.4 = 421§
Sample entropy 1.39 = 0.32 1.62 = 0.36 1.55 £ 0.28 1.04 + 0.361§
Lempel-Ziv entropy 0.79 = 0.16 0.88 = 0.10 0.83 = 0.013 0.66 = 0.221§

*HF = High-frequency power; LF = Low-frequency power; LF/HF = Low-frequency power/High-frequency power ratio; In = natural

log function.

iResults are mean = SD.

1Significantly different from rest (p = 0.05).
§Significant group by time interaction (p = 0.05).
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Figure 2. Change in baroreflex sensitivity measured at rest and during recovery from a control or an acute bout of
whole-body free-weight resistance exercise in young, resistance-trained individuals (N = 16). Data are mean =
SEM. *p = 0.05, significantly different from rest. {p = 0.05, significantly different from control.

recovery from the resistance exercise bout and increased
(+10.7%) during recovery from the control (Table 2). There
was a significant interaction (p = 0.005) for LZEn such that
it decreased by 20.5% after the acute bout of resistance exercise
and increased by 12.1% from the control (Table 2). There was
a significant interaction (» = 0.0001) for BRS such that it
decreased by 63.1% after the acute bout of resistance exercise
and didn’t change from the control (Figure 2).

DiscussioN

The present study sought to elucidate changes in arterial
stiffness, autonomic modulation, and baroreflex sensitivity in
response to an acute bout of whole-body free-weight resis-
tance exercise using free-weights. The primary findings of the
present study are that after an acute bout of whole-body free-
weight resistance exercise there are (a) increases in arterial
stiffness, (b) decreases in vagal modulation, and (c) decreases in
baroreflex sensitivity.

Our data suggest that whole-body free-weight resis-
tance exercise using free-weights significantly increases
arterial stiffness. The significant increase of 9.6% in cf-
PWYV in our study agrees with some of the reports that
have demonstrated a transient increase in arterial stiffness
in response to acute resistance exercise (7,14,38). Hef-
fernan et al. (2007a) observed a significant increase of
20.8% from baseline to 20 minutes after the acute bout
of resistance exercise when participants underwent 3 sets
with the 10RM for 8 exercises. With the same resistance
exercise protocol, Collier et al. (2010) observed a signifi-
cant increase of 9.8% in cf-PWYV from baseline to 40 mi-
nutes and 60 minutes after the session. Yoon et al. (2010)
observed an increase of 2% in cf-PWV after 20 minutes in
comparison with a control session that was not signifi-
cantly different at 40 minutes after the resistance exercise.
In this particular study, participants performed 2 sets of 15
repetitions at 60% 1RM for 8 exercises. Differences in
reaching muscular failure (7) or a higher relative load used
(38) in our work in comparison with the preceding studies

_-L 3 Control

Hl Acute Resistance Exercise

may justify the differences in
the increased values of central
arterial stiffness. The differ-
ence between the work by
Heffernan et al. (2007a) and
Collier et al. (2010) was the
time that the measurement
was assessed. Our data, mea-
sured at 15 minutes after the
acute bout of resistance exer-
cise, had an increase in cf-
PWYV similar to the work by
Collier et al. (2010) at 40
and 60 minutes. The data
from the present study, and
these previous studies, sug-
gest that volume may be
more important in terms of increasing arterial stiffness
than just intensity. However, our results differ from others
that have reported no differences in central arterial stiff-
ness after resistance exercise (16,19,22). However, these
studies involved the utilization of either lower- (17,19) or
upper-body exercises only (22). These differences in cf-
PWYV in comparison with our study may be due to the
total amount of muscle mass involved in the resistance
exercise session. Protocols with a whole-body design pro-
duced a significantly increased cf-PWV (7,14,38). This
increased central arterial stiffness can be originated by
the inclusion of whole-body free-weight exercises, since
the amount of muscle mass involved in resistance exercise
determines the sympathetic activity (34), leading to the
distensibility of the arteries (11).

The present study further demonstrates that an acute
bout of resistance exercise reduces vagal modulation
compared with rest. The significant decrease of 59% in
HFnu in our study supports previous studies. Collectively,
the data demonstrate that an acute bout of resistance
exercise decreases vagal modulation in young healthy
individuals (18,20,21,31), whether the participants are
resistance-trained or not (21) up to 30 minutes. A descrip-
tive analysis of the data suggests that in comparison with
protocols using a similar total volume (i.e., number of
exercises X number of sets), the reduction in vagal
modulation is up to two-fold higher with whole-body
free-weight resistance exercise in comparison with weight
machines resistance exercise protocols (59% wvs.
7.3-32.4%, respectively) (20,21). With our whole-body
free-weight design, the reduction of vagal modulation
was even higher in comparison with protocols performed
with machines with a total volume of exercises between 6
and 10 (i.e., 59% vs. 12.4-25.2%) (18,31), which is a novel
finding. A candidate for the increased vagal withdrawal in
our free-weight protocol in comparison with other pro-
tocols with weight machines is the raised glycolytic
involvement during the resistance exercise provoked by
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the higher metaboreflex activation due to a large partici-
pation of the main (9), agonist (25), and/or stabilizing
muscles (33). In turn, this may provoke a higher parasym-
pathetic withdrawal (28). The high training status of the
participants seems to have no role in the loss of vagal
modulation since a previous study observed that the loss
in variability is not affected by the experience condition of
the individual in resistance training (21). It is worth noting
that differences in body positions may account for some
differences in the quantity of loss of vagal control. In the
present study, data were collected in the supine position
compared with previous studies that were performed in
the seated position (20,31). This is important because
body position affects the vagal activity at rest due to
orthostatic load, with higher values in the supine position
in comparison with seated position (23).

This is the first study to exhibit significant decreases in
HRC after an acute bout of whole-body free-weight
resistance exercise in resistance-trained individuals. The
significant decrease in SampEn of 35.2% indicates a loss
of complexity in the vagal control of the heart. This
reduction agrees with our previous study in which
resistance-trained individuals suffered a decreement of
complexity for the same variable (13.9-17.6%) (21). An
interesting point in that study is that a significant reduc-
tion of complexity was not observed in untrained partic-
ipant (0.7 to —8.3%) (21). Also, previous studies in
recreationally active participants have observed a slight
reduction (12.1%) (20) or a nonsignificant reduction in
SampEn (2.3-9.7%) (24). Taking all this into account, it
is possible that the loss of HRC may be training-status
dependent. Furthermore, this response is in contrast to
the findings we report for HRV variables, in which train-
ing status doesn’t seem to be an important factor. This in
turn may assist in explaining why HRC has been
described as a more sensitive measure (20).

On the other hand, the 2-fold reduction of complexity in
our study in comparison with the reductions observed in our
previous study using resistance-trained individuals (13.9-
17.6%) (21) suggests that other factors besides training status
may affect HRC. The relative intensity and total volume could
affect the responses. In addition, our whole-body design does
not seem to play an important role. Other protocols perform-
ing a split or whole-body design have not observed differences
between sessions in resistance-trained individuals (21). With
this in mind, the free-weight design of the present study may
partly explain the differences observed in the loss of complex-
ity. Until now, just one previous study has provided data on
the effect of resistance exercise on LZEn. This particular study
was a training study in which LZEn increased after training,
but returned to resting values after detraining (15). Our study is
the first that reports values of this parameter after an acute
bout of resistance exercise.

The significant reduction of 63.1% of BRS after the
resistance exercise session confirms previous data suggesting
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that after resistance exercise there is a decrease in the
operating point of the baroreflex in young healthy individ-
uals (14,24,27). However, the present study adds to the body
of literature, as our methods and participants had not been
previously used. This decrease in our study is comparable
with previous reports that observed a decrease of about
49.4-59.2% after resistance exercise protocols with a similar
design (14,24,27) and slightly higher versus protocols lower
in intensity, effort or volume (36.2-37.6%) (24,27). It is
known that more demanding protocols cause a higher
reduction of BRS in comparison with less demanding pro-
tocols (24,27). The reduction in wall deformation and the
consequent reduction in the RR interval responsiveness
explain the reduction in BRS and the transient increase in
cf-PWYV (26). This reduced capability is due to a higher sym-
pathetic tone of the central arteries, something observed
previously both at rest (5) and after resistance exercise (14).

There are a few limitations of the present study that
should be mentioned. Primarily, we didn’t have control for
the Valsalva maneuver. Our data are only in relation to the
aftereffects of an acute bout of resistance exercise, and can’t
be used to determine the effects during resistance exercise or
after a resistance training period. Even while women were
tested in their follicular phase, gender differences in cardio-
vascular control may be a confounding factor.

The transient reductions in parasympathetic control
observed after whole-body free-weight resistance exercise
should be interpreted as a temporary deleterious effect in
resistance-trained individuals. This is because 30 minutes
after resistance exercise there is an increased risk of suffer
a cardiovascular outcome as sudden cardiac death, due to
reductions in parasympathetic activity (1). These reductions
should be controlled in individuals with increased cardiovas-
cular risk when resistance exercise is prescribed.

In conclusion, an acute bout of whole-body free-weight
resistance exercise produced an increase in arterial stiffness,
a reduction in vagal modulation measured by heart rate
variability and complexity, and a decrease in baroreflex
sensitivity. These data suggest that an acute bout of whole-
body free-weight resistance exercises may have a transient
deleterious effect on cardiovasculature. Future research
should analyze the effect of the different features of the
resistance exercise, as differences between free and machine
weights, and how these affect to alter the cardiovascular
responses.

PRACTICAL APPLICATIONS

Our data demonstrate, for the first time, the cardiovascular
effect of a whole-body free-weight resistance exercise
session in resistance-trained individuals. This study adds to
the literature about how to prescribe resistance exercise
through the impact on autonomic modulation when these
exercises are completed consecutively. Based on our data,
performing these 3 exercises at the given volume (3 sets of 10
repetitions at 75% 1RM) might result in an unfavorable
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cardiovascular response. A better option may be to separate
these exercises into different training days. Also, this study
examines the cardiovascular responses of free-weight resis-
tance exercise, as reductions in vagal control or increases in
arterial stiffness, that are associated with postexercise
cardiovascular outcomes such as sudden cardiac death,
helping to prescribe exercise in diseased individuals. All this
together contributes to the body of research to prescribe
resistance exercise in a more precise and secure manner.

ACKNOWLEDGMENTS

The authors acknowledge the support of the Inditex-UDC
Predoctoral Grant for Xian Mayo. This grant did not cover
costs associated with the study. It only paid for his ability to
work in the laboratory.

REFERENCES

1.

10.

11.

12.

13.

Albert, CM, Mittleman, MA, Chae, CU, Lee, IM, Hennekens, CH,
and Manson, JE. Triggering of sudden death from cardiac causes by
vigorous exertion. N Engl J Med 343: 1355-1361, 2000.

. Baechle, TR, Earle, RW, and Wathan, D. Essentials of Strength

Training and Conditioning. Champaign, IL: Human Kinetics, 2008.

. Brozek, ], Grande, F, Anderson, JT, and Keys, DA. Densitometric

analysis of body composition: Revision of some quantative
assumptions. Ann N 'Y Acad Sci 110: 113-140, 1963.

. Chen, JL, Yeh, DP, Lee, JP, Chen, CY, Huang, CY, Lee, SD,

Chen, CC, Kuo, TB, Kao, CL, and Kuo, CH. Parasympathetic
nervous activity mirrors recovery status in weightlifting
performance after training. J Strength Cond Res 25: 1546-1552, 2011.

. Chesterton, L], Sigrist, MK, Bennett, T, Taal, MW, and

Mclntyre, CW. Reduced baroreflex sensitivity is associated with
increased vascular calcification and arterial stiffness. Nep/rol Dial
Transplant 20: 1140-1147, 2005.

. Chiu, YC, Arand, PW, Shroff, SG, Feldman, T, and Carroll, JD.

Determination of pulse wave velocities with computerized
algorithms. Am Heart J 121: 1460-1470, 1991.

. Collier, SR, Diggle, MD, Heflernan, KS, Kelly, EE, Tobin, MM, and

Fernhall, B. Changes in arterial distensibility and flow-mediated
dilation after acute resistance vs. aerobic exercise. J Strength Cond Res

24: 2846-2852, 2010.

. DeVan, AE, Anton, MM, Cook, JN, Neidre, DB, Cortez-

Cooper, MY, and Tanaka, H. Acute effects of resistance exercise on
arterial compliance. J Appl Physiol 98: 2287-2291, 2005.

. Escamilla, RF, Fleisig, GS, Zheng, N, Lander, JE, Barrentine, SW,

Andrews, JR, Bergemann, BW, and Moorman, CT III. Effects of
technique variations on knee biomechanics during the squat and leg
press. Med Sci Sports Exerc 33: 1552-1566, 2001.

Fahs, CA, Heffernan, KS, and Fernhall, B. Hemodynamic and
vascular response to resistance exercise with L-arginine. Med Sci
Sports Exerc 41: 773-779, 2009.

Failla, M, Grappiolo, A, Emanuelli, G, Vitale, G, Fraschini, N,
Bigoni, M, Grieco, N, Denti, M, Giannattasio, C, and Mancia, G.
Sympathetic tone restrains arterial distensibility of healthy and
atherosclerotic subjects. J Hypertens 17: 1117-1123, 1999.

Harrison, GG, Buskirk, ER, Lindsay Carter, JE, Johnston, FE,
Lohman, TG, Pollock, ML, Roche, AF, and Wilmore, JH. Skinfold
thickness and measurement technique. In: A#zropommetric
Standardization Reference Manual. TG Lohman, AF Roche, and R
Martorell, eds. Champaign, IL: Human Kinetics, 1988, pp: 55-70.

Haskell, WL, Lee, IM, Pate, RR, Powell, KE, Blair, SN, Franklin, BA,
Macera, CA, Heath, GW, Thompson, PD, and Bauman, A. Physical
activity and public health: Updated recommendation for adults from

14.

15.

16.

17

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

the American College of Sports Medicine and the American Heart
Association. Med Sci Sports Exerc 39: 1423-1434, 2007.

Heffernan, KS, Collier, SR, Kelly, EE, Jae, SY, and Fernhall, B.
Arterial stiffness and baroreflex sensitivity following bouts of aerobic
and resistance exercise. Izt J Sports Med 28: 197-203, 2007.

Heflernan, KS, Fahs, CA, Shinsako, KK, Jae, SY, and Fernhall, B.
Heart rate recovery and heart rate complexity following resistance
exercise training and detraining in young men. A4m J Physiol Heart
Cire Physiol 293: H3180-H3186, 2007.

Heffernan, KS, Jae, SY, Echols, GH, Lepine, NR, and Fernhall, B.
Arterial stiffness and wave reflection following exercise in
resistance-trained men. Med Sci Sports Exerc 39: 842-848, 2007.

Hefternan, KS, Jae, SY, Edwards, DG, Kelly, EE, and Fernhall, B.
Arterial stiffness following repeated valsalva maneuvers and
resistance exercise in young men. App/ Physiol Nutr Metab 32:
257-264, 2007.

Heffernan, KS, Kelly, EE, Collier, SR, and Fernhall, B. Cardiac
autonomic modulation during recovery from acute endurance
versus resistance exercise. Eur J Cardiovasc Prev Rehabil 13:
80-86, 2006.

Heffernan, KS, Rossow, L, Jae, SY, Shokunbi, HG, Gibson, EM, and
Fernhall, B. Effect of single-leg resistance exercise on regional
arterial stiffness. Eur J Appl Physiol 98: 185-190, 2006.

Hefternan, KS, Sosnoff, JJ, Jae, SY, Gates, GJ, and Fernhall, B. Acute
resistance exercise reduces heart rate complexity and increases QTc
interval. Int J Sports Med 29: 289-293, 2008.

. Kingsley, JD, Hochgesang, S, Brewer, A, Buxton, E, Martinson, M,

and Heidner, G. Autonomic modulation in resistance-trained
individuals after acute resistance exercise. Iz J Sports Med 35:
851-856, 2014.

Lefferts, WK, Augustine, JA, and Heffernan, KS. Effect of acute
resistance exercise on carotid artery stiffness and cerebral blood flow
pulsatility. Front Physiol 5: 101, 2014.

Martinmaki, K, Rusko, H, Kooistra, L, Kettunen, J, and Saalasti, S.

Intraindividual validation of heart rate variability indexes to measure
vagal effects on hearts. Am J Physiol Heart Circ Physiol 290: H640-
H647, 2006.

Mayo, X, Iglesias-Soler, E, Carballeira-Fernandez, E, and Fernandez-
Del-Olmo, M. A shorter set reduces the loss of cardiac autonomic
and baroreflex control after resistance exercise. Eur J Sport Scr 15:
1-9, 2015.

McCaw, ST and Friday, J]. A comparison of muscle activity between
a free weight and machine bench press. J Strength Cond Res 8: 259,
1994.

Monahan, KD, Tanaka, H, Dinenno, FA, and Seals, DR. Central
arterial compliance is associated with age- and habitual exercise-
related differences in cardiovagal baroreflex sensitivity. Crrculation
104: 1627-1632, 2001.

Niemels, TH, Kiviniemi, AM, Hautala, AJ, Salmi, JA, Linnamo, V,
and Tulppo, MP. Recovery pattern of baroreflex sensitivity after
exercise. Med Sci Sports Exerc 40: 864-870, 2008.

Okuno, NM, Pedro, RE, Leicht, AS, de Paula Ramos, S, and
Nakamura, FY. Cardiac autonomic recovery after a single session of
resistance exercise with and without vascular occlusion. J Strength
Cond Res 28: 1143-1150, 2013.

Oliveira, RS, Vitor da Costa, M, Pedro, RE, Polito, MD, Avelar, A,
Cyrino, ES, and Nakamura, FY. Acute cardiac autonomic responses
after a bout of resistance exercise. Scz Sports 27: 357-364, 2012.
Parati, G, Di Rienzo, M, Bertinieri, G, Pomidossi, G, Casadei, R,
Groppelli, A, Pedotti, A, Zanchetti, A, and Mancia, G. Evaluation of
the baroreceptor-heart rate reflex by 24-hour intra-arterial blood
pressure monitoring in humans. Hypertension 12: 214-222, 1988.

. Rezk, CC, Marrache, RC, Tinucci, T, Mion, D Jr, and Forjaz, CL.

Post-resistance exercise hypotension, hemodynamics, and heart rate
variability: Influence of exercise intensity. Eur J Appl Physiol 98:
105-112, 2006.

VOLUME 30 | NUMBER 12 | DECEMBER 2016 | 3379



Arterial Stiffness and Autonomic Modulation After Resistance Exercise

32.

33.

34.

35.

3380

Richman, JS and Moorman, JR. Physiological time-series analysis
using approximate entropy and sample entropy. A4m J Physiol Heart
Circ Phystol 278: H2039-H2049, 2000.

Santana, JC, Vera-Garcia, FJ, and McGill, SM. A kinetic and
electromyographic comparison of the standing cable press and
bench press. J Strength Cond Res 21: 1271-1277, 2007.

Seals, DR. Influence of active muscle size on sympathetic nerve
discharge during isometric contractions in humans. J.A4pp/ Physiol
75: 1426-1431, 1993.

Seals, DR. Habitual exercise and the age-associated decline in large
artery compliance. Exerc Sport Sci Rev 31: 68-72, 2003.

Jotrnal of Strength and Conditioning Research

36.

37.

38.

Van Bortel, LM, Duprez, D, Starmans-Kool, MJ, Safar, ME,
Giannattasio, C, Cockceroft, J, Kaiser, DR, and Thuillez, C. Clinical
applications of arterial stiffness, Task Force III: Recommendations
for user procedures. Am J Hypertens 15: 445-452, 2002.

Wilkinson, IB, Fuchs, SA, Jansen, IM, Spratt, JC, Murray, GD,
Cockeroft, JR, and Webb, DJ. Reproducibility of pulse wave velocity
and augmentation index measured by pulse wave analysis. J
Hypertens 16: 2079-2084, 1998.

Yoon, ES, Jung, SJ, Cheun, SK, Oh, YS, Kim, SH, and Jae, SY. Effects
of acute resistance exercise on arterial stiffness in young men. Korean
Crre J 40: 16-22, 2010.



